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A three-dimensional model of the vibrational dynamics of HOONO is investigated. This model focuses on
the couplings between the OH stretch vibration and the two torsions. The model is based on electronic energies,
calculated at the CCSD(T)/cc-pVTZ level of theory and basis and dipole moment functions calculated at the
CCSD/aug-cc-pVDZ level. The resulting points were fit to explicit functional forms, and the energies, wave
functions, and intensities were evaluated using an approach in which the OH stretching motion was adiabatically
separated from the torsional modes. It is found that the HOON torsion is strongly coupled to both the OONO
torsion and OH stretch. Despite this, many of the conclusions that were drawn from earlier two-dimensional
treatments, which did not include the OONO torsion, hold up on a semiquantitative level. In addition, we use
this model to investigate the assignment of recently reported matrix isolated spectra of HOONO and DOONO.
Finally, by comparing the results of this three-dimensional calculation to two-dimensional calculations and
to the results of second-order perturbation theory, we investigate the question of how one determines the size
of the reduced-dimensional system that is needed to describe the vibrational spectrum of molecules, like
HOONO, that contain several large amplitude motions.
1. Introduction
Peroxynitrous acid (HOONO) has been a molecule of long-
standing interest due to its role in modeling the kinetics of ozone
formation in the troposphere and ozone depletion in the
stratosphere.1-8 Specifically, while OH and NO2 can react to
form a stable nitric acid molecule, they may also combine to
form HOONO, which is bound by less than 19.5 kcal mol -1.9,10
The desire to understand the structure and bonding in this isomer
of nitric acid has led to considerable interest, both experimental9-17
and theoretical,18-23 in the spectroscopy of HOONO.
An interesting and important aspect of HOONO is its
minimum energy structure. Generally, the equilibrium structure
of a molecule that contains an O-O single bond has a roughly
90° equilibrium R-O-O-R′ torsion angle. This is close to the
HOON angle in the conformer in which the OONO angle is
180°, labeled as the trans-perp HOONO structure in Figure 1.
Two other possible structures of HOONO are shown to the left
of the trans-perp HOONO structure. Both correspond to a
OONO torsion angle of 0°. Due to hydrogen bond formation
between the terminal hydrogen and oxygen atoms, the lowest
energy conformer has all five atoms in a plane with an HOON
torsion angle of 0° and is depicted on the left in Figure 1. This
conformer is often referred to as cis-cis HOONO, reflecting
the fact that these values of the two torsion angles put the HOON
and OONO groups in cis-configurations. It is lower in energy
than the trans-perp conformer, described above, by 3 kcal
mol-1.9 There has been much discussion in the literature19,21,24
regarding whether there is a third stable conformer of HOONO
in which the OONO angle is 0° and the OH bond points
perpendicular to the OONO plane. This conformer is shown as
the central structure in Figure 1. According to the most recent
CCSD(T) calculations by Stanton and co-workers, this so-called
cis-perp HOONO conformer is a local minimum on the
potential, but the barrier between this minimum and the cis-cis
HOONO global minimum is less than 0.1 kcal mol-1.25 In other
words, the cis-perp conformer of HOONO is better thought
of as a “shelf” structure since the minimum is not deep enough
to support localized bound states.
While the cis-perp conformer of HOONO does not cor-
respond to a strongly localized minimum on the global potential
surface for HOONO, it has important spectroscopic conse-
quences. Calculations that are based on two-dimensional
potential surfaces, generated as functions of the HOON torsion
angle and the displacement of the OH bond, show that there is
a buildup of intensity roughly 570 cm-1 to the blue of the 2υOH
band. This intensity has been shown to result from transitions
originating from excited torsional levels that have significant
probability amplitude in the cis-perp shelf region of the
potential.18,19,21 These bands are also seen experimentally in the
absorption19 and action spectra.12,13 More recently, Lester and
co-workers reported evidence of transitions involving cis-perp
HOONO in their jet-cooled spectrum.17
A consistent picture of HOONO has emerged. This has been
developed by several groups, using various levels of theory and
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Figure 1. Structures of three local minima on the HOONO potential
surface.
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approaches for solving the vibrational problem.10,18-21 These
theoretical studies include both the reduced dimensional treat-
ments, described above, and fully ab initio calculations by
Stanton and co-workers in which the vibrational spectrum is
calculated using second-order perturbation theory (VPT2).
One shortcoming of the earlier reduced dimensional treat-
ments of HOONO is that none has included the coupling of the
HOON and OONO torsions. Analysis of the normal modes
shows that these two motions are strongly coupled at the
harmonic level. Specifically, the mode that corresponds to
primarily the HOON torsion has a 13% contribution from the
OONO torsion. It is easy to see why this should be the case.
As the OH bond rotates out of the plane that contains the four
heavy atoms, the terminal oxygen atom moves in the same
direction in order to maintain a hydrogen bond. This is illustrated
in the plot of the value of the OONO torsion angle as a function
of the HOON torsion, shown in Figure 2.
The question arises if and how the picture that has emerged,
which was based on a two-dimensional treatment that includes
the HOON torsion and the OH stretch, changes if the OONO
torsion is included in the reduced-dimensional treatment.
Specifically, does consideration of the OONO torsional motion
enhance or diminish the role of the cis-perp conformer in the
calculated spectrum. Further, as we consider using spectroscopy
to decompose the branching between HOONO and nitric acid
from the reaction of OH with NO2,8 it will be important to know
if sequence band structure (e.g., transitions involving excitation
of the OH stretch that originate from thermally populated excited
states in the torsion modes) is observed in the OONO torsion,
as has been seen for the HOON torsion. Since the HOON and
OONO torsions are clearly coupled, we are interested in the
implication of these couplings in the recently reported matrix
spectrum of HOONO by Zhang et al.15 Before we can address
these questions, we first consider the three-dimensional potential
and dipole surfaces as well as the calculations used to investigate
HOONO. Finally, cis-cis HOONO provides a system with
which comparisons between results of VPT2 calculations14,15
and several two-dimensional18,19,21 and the present three-
dimensional calculations can be made. Through comparisons
of the results of these treatments, we can investigate the
conditions under which each of the approach is anticipated to
be most effective and what information can be used to determine
this a priori.
2. Theory
As we consider the spectroscopic implications of couplings
between the two torsions in HOONO and between these modes
and the OH stretch, we focus our attention on a quantum
mechanical description of the molecular vibrations as a function
of these three coordinates. We follow an approach that is similar
to previous studies of HOONO by us17,19 and by Sinha,
Kjaergaard, and their co-workers.18,20,21 Here, we evaluate the
electronic energies over the full range of HOON torsion angles
and for OONO torsion angles between -40° and 40°, minimiz-
ing the electronic energy with respect to the other 7 internal
coordinates. The specific points were chosen to map out the
potential in the region of the cis-cis HOONO minimum up to
4000 cm-1. At each point along this scan, we varied the OH
bond length by -0.15 to +0.25 Å in increments of 0.05 Å.
This range was chosen to capture the OH stretch dependence
of the potential surface up to 6000 cm-1. This range provides
sufficient information to interpolate the potential that is sampled
by the ground state and the first excited state of the OH stretch.
We also extrapolate these data to calculate the υOH ) 2 and 3
levels. All calculations were performed at the CCSD(T)/cc-
pVTZ level of theory and basis using the Gaussian 9826 and
Gaussian 0327 program packages. At each of these points, we
also evaluated the dipole moment at the CCSD/aug-cc-pVDZ
level of theory and basis.
Once all the points were evaluated, they were fit to a function
of the form
where
R ) 2.4115 Å-1 and the forms of fm are given in Table 1.
To obtain a fit to the dipole surface, we first rotate HOONO
to an Eckart frame, following procedures described previously
Figure 2. The OONO torsion angle along the potential minimum
plotted as a function of the HOON torsion angle with all other
coordinates adjusted to minimize the total electronic energy. The black
circle represents the potential minimum, while the white circles are
placed near the cis-perp shelf. The calculation is based on the fit
potential surface, described in the text.
TABLE 1: Functions Used in Fits of the Potential and
Dipole Surfaces
m fma gmb
0 1
1 sin(τHOON) sin(τOONO) cos(τHOON) sin(τOONO)
2 [1 - cos(τHOON)] sin(τHOON)
3 sin(τHOON) sin(2τOONO) cos(τHOON) sin(2τOONO)
4 [1 - cos(τHOON)][- cos(τOONO)] sin(τHOON) cos(τOONO)
5 [1 - cos(τHOON)][1 - cos(2τOONO)] sin(τHOON) cos(2τOONO)
6 sin(2τHOON) sin(τOONO) cos(2τHOON) sin(τOONO)
7 [1 - cos(2τHOON)] sin(2τHOON)
8 sin(2τHOON) sin(2τOONO) cos(2τHOON) sin(2τOONO)
9 [1 - cos(2τHOON)][1 - cos(τOONO)] sin(2τHOON) cos(τOONO)
10 [1 - cos(2τHOON)][1 - cos(2τOONO)] sin(2τHOON) cos(2τOONO)
11 sin(3τHOON) sin(τOONO) cos(3τHOON) sin(τOONO)
12 [1 - cos(3τHOON)] sin(3τHOON)
13 [1 - cos(3τHOON)][1 - cos(τOONO)] sin(3τHOON) cos(τOONO)
14 [1 - cos(3τHOON)][1 - cos(2τOONO)] sin(3τHOON) cos(2τOONO)
15 sin(4τHOON) sin(τOONO) cos(4τHOON) sin(τOONO)
16 [1 - cos(4τHOON)] sin(4τHOON)
17 [1 - cos(4τHOON)][1 - cos(τOONO)] sin(4τHOON) cos(τOONO)
18 [1 - cos(5τHOON)] sin(5τHOON)
19 [1 - cos(5τHOON)][1 - cos(τOONO)] sin(5τHOON) cos(τOONO)
20 [1 - cos(6τHOON)] sin(6τHOON)
21 [1 - cos(τOONO)] sin(τOONO)
22 [1 - cos(2τOONO)] sin(2τOONO)
23 [1 - cos(3τOONO)] sin(3τOONO)
a See eqs 1 and 3. b See eq 4.
V(rOH, τHOON, τOONO) ) ∑
n)0,2-4
∑
m)0
23
cn,my
nfm(τHOON, τOONO)
(1)
y ) [1 - exp(-R∆rOH)] (2)
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and using the cis-cis minimum energy geometry as the static
molecular model.28-30 We then fit the a and b components of
the dipole to
where the fm are the same functions as were used to fit the
potential surface. The c component of the dipole surface
transforms under A′′ symmetry in the Cs point group and
therefore must have a slightly different functional form.
Specifically
where the functional forms of the gm are also provided in
Table 1.
In general, the Hamiltonian for a vibrating molecule can be
expressed as
where the Gi,j are the usual Wilson G matrix elements31 given by
As such, the G matrix elements depend on the geometry of the
molecule. For every point on the scan, we numerically evaluated
the G matrix using eq 6 and then fit the ones involving the two
torsions to
The mass associated with the OH stretch is the reduced mass of
the OH bond. In the adiabatic treatment described below, the kinetic
coupling terms between the OH stretch and either of the torsions
can be neglected. The reason these terms do not contribute to the
energies can be seen in the analytical expressions for the G matrix
elements.32 To lowest order, the contributions to the kinetic energy
from these cross-terms are proportional to
When we average these terms over one-dimensional radial wave
functions, the resulting contributions are zero since 〈prOH〉 ) 0 for
vibrational eigenstates.
With functional forms for the potential and dipole surfaces,
the vibrational wave functions, energies, and intensities are
evaluated in two steps. In the first, we setup and solve the one-
dimensional Schro¨dinger equation in the OH stretch coordinate
at values of the OONO torsion angle ranging from -40° to
+40° and over the full range of the HOON torsion angle. The
radial wave functions and energies are evaluated using a discrete
variable representation33 with an evenly spaced grid of 200
points in ∆rOH from -1 to 3 Å. The resulting two-dimensional
adiabatic potential surfaces, VυOH, are evaluated for υOH ) 0, 1,
2, and 3. We also calculate the transition moments as functions
of the two torsion coordinates as
Care is taken to ensure that the phase of the radial wave
functions is consistently defined. Likewise the G matrix elements
involving the two torsions are averaged over the appropriate
radial wave function. The resulting potential and dipole functions
for each value of VOH are fit to a linear combination of the fm or
gm functions, given in Table 1, and the G matrix elements are
expressed in the form of eq 7.
In the second step, we setup and solve the two-dimensional
Schro¨dinger equation in the two torsion modes. Because the
electronic energies were evaluated for |τOONO| < 40°, the fit
potentials are unphysical outside of this range. As we are also
not interested in states that have amplitude in the other minima
on the potential, the potential outside of this range is set to be
5000 cm-1 above its value at the minimum. The Schro¨dinger
equation is setup and solved in a product basis of 51 sine or
cosine functions in each of the two torsion angles, chosen to
exploit the Cs symmetry of cis-cis HOONO. This choice of
basis leads to analytical expressions for the matrix elements.
The resulting energies are converged to better than 0.5 cm-1.
Finally, we use the torsional wave functions to evaluate the
oscillator strengths.
In addition to the above calculations, we also investigated
two, two-dimensional models of HOONO. In the first, the
OONO torsion angle is set to zero and a second in which our
three-dimensional potential surface is minimized with respect
to variation of the OONO angle. The latter calculations resulted
in the plot of the OONO angle as a function of the HOON angle,
shown in Figure 2. These calculations were performed to
facilitate comparisons to earlier studies.17-19
3. Results
The evaluation of the electronic energies proceeded in a series
of steps. We started with the scan at fixed OONO angle,
performed for our earlier study.19 We selected a series of sets
of OONO and HOON torsion angles and evaluated the electronic
energies in an attempt to sample the surface up to 4000 cm-1.
We fit torsional dependence of the resulting electronic energies
to the functional form given by eq 1 with n ) 0. We looked for
regions in the fit surface with energies that are below 5000 cm-1
that did not contain sufficient calculated electronic energies to
properly constrain the fit. We evaluated additional electronic
µa/b(rOH, τHOON, τOONO) )
∑
n)0
3
∑
m)0
23
dn,m
(a)/(b)∆rOH
n fm(τHOON, τOONO) (3)
µc(rOH, τHOON, τOONO) ) ∑
n)0
3
∑
m)1
23
dn,m
(c) ∆rOH
n gm(τHOON, τOONO)
(4)
Hˆ ) 12 ∑i,j piGi,jpj + V(q) (5)
Gi,j ) ∑
n
∂qi
∂xn
1
mn
∂qj
∂xn
(6)
Gi,j(rOH, τHOON, τOONO) )
∑
n)0
2
[gn,1 + gn,2(1 - cos(τHOON)) +
gn,3 sin(τHOON) sin(τOONO) +
gn,4(1 - cos(τOONO))∆rOHn ] (7)
pi
cos τi
mOrOO
prOH + prOH
cos τi
mOrOO
pi (8)
hˆrψυOH(rOH;τHOON, τOONO)
) [- p22µOH ∂2∂rOH2 + V(rOH, τHOON, τOONO)]ψυOH(rOH;τHOON, τOONO)
) VυOH(τHOON, τOONO)ψυOH(rOH;τHOON, τOONO) (9)
µfυOHr0(τHOON, τOONO) ) 〈ψ0| µf|ψυOH〉 (10)
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energies in these regions and repeated the fitting procedure using
the larger data set. We repeated this procedure, adding two to
six new points at each iteration until the potential was converged.
We determined convergence of the potential by three criteria.
First we used the difference between calculated electronic
energies of new points and the values obtained in the previous
iteration of the fit. We also examined differences between the
fit potential surfaces at sequential stages in the process. Third,
we compared the vibrational energies evaluated using successive
iterations of the fit surface. In the end, the differences between
the energies calculated using the last two iterations were smaller
than 4 cm-1 for the states reported here.
The resulting potential and dipole surfaces were evaluated
at 1448 points and fit to the functional forms described above.
The root mean square fitting error for the potential is 28 cm-1.
When the OH bond length is set to its minimum energy value
and only the torsional dependence of the potential is fit, the
fitting error is reduced by an order of magnitude, to 2.6 cm-1.
This fit of the potential surface is plotted as a function of the
two torsion angles in Figure 3. The white circles represent the
points at which electronic energies were evaluated. The values
of these energies and the parameters obtained in the fits are
provided in the Supporting Information. An important feature
of the HOONO potential is the cis-perp shelf region. This is
the flat region of the potential in the region near τHOON ) (90°
and τOONO ) 0°.
In addition to fitting the three-dimensional surface, we also
refit the two-dimensional cuts through this surface in the cases
in which the OONO torsion angle was constrained to be zero
and in which this torsion angle was adjusted to minimize the
electronic energies. These fits were performed to allow com-
parisons to our17,19 and Sinha and co-workers18 previous studies
of this system.
3.1. Comparison to Earlier Two-Dimensional Studies.
There are four significant differences between the potential
and dipole surfaces that have been used in the present study
and those used to obtain the results used in our previous
studies.17,19 First, in our earlier studies, the electronic energies
were scaled to mimic the results obtained with a cc-pVQZ
basis along the cut in the potential that minimized the
electronic energies with respect to the OH bond length.
Second, in the scan of the potential as a function of the
HOON torsion, seven of the remaining internal coordinates
were optimized, while the OONO torsion angle was con-
strained to be zero. Third, the radial dependence of the
potential at each of the HOON torsion angles was fit to a
Morse oscillator function. Finally, our previously reported
dipole surface was calculated using the Hartree-Fock wave
function rather than the one obtained at the QCISD level of
theory, as was indicated in the text of that paper.19
Following an approach closer to that taken by Matthews
et al.,18,20 in the present study we do not scale the energies
and we fit the radial dependence of the potential to a quartic
expansion in y, defined in eq 2. We also use the CCSD wave
function when we evaluate the dipole surface.
In Figure 4, we compare three calculated spectra. The ones
plotted with the solid blue lines are identical to the spectra that
were reported in ref 19. The spectra plotted in red are generated
using the same vibrational wave functions as the ones plotted
in blue, and using the dipole surface calculated from the CCSD
Figure 3. The fit potential surface plotted as a function of the two
torsion angles and minimized with respect to the remaining seven
internal coordinates. The white circles represent the values of the two
angles at which electronic energies were evaluated at the CCSD(T)/
cc-pVTZ level of theory/basis.
Figure 4. Calculated spectra in the region of the OH fundamental
and first overtone. The calculated spectra shown in blue are reproduced
from ref 19. The ones plotted with red dashed lines used the same
vibrational wave functions as the blue curve, but employed the CCSD/
aug-cc-pVDZ dipole surface, while the black dashed curve provides
the spectrum obtained using the potential and dipole surfaces developed
in the present study. In the bottom plot, we shift the black spectrum
by 300 cm-1 in order to facilitate comparison of the band structure of
the overtone band.
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electronic wave function. The most notable difference between
these spectra is the decrease in the integrated intensity of the
fundamental band (top plot). When the CCSD-based dipole
surface is used, the intensity for the fundamental is 40% of
the intensity obtained using the dipole surface generated from
the Hartree-Fock wave function. While the integrated intensity
has decreased, the overall shape of the band contours is nearly
identical. For the first overtone, the integrated intensities of the
red and blue spectra are nearly identical.
To facilitate comparisons with our present potential, we also
calculated the spectra using wave functions that were obtained
using a reduced dimensional version of the three-dimensional
potential described above. As in our earlier study, the OONO
torsion angle was set equal to zero and only the dependence of
the potential on the HOON torsion was considered. These results
are plotted in black in Figure 4. Here larger differences are found
and reflect the fact that in our previous studies we introduced
a τHOON-dependent scaling in our evaluation of the potential
surface. To facilitate comparison of the band contours, the
spectrum calculated with a cut through the three-dimensional
surface, described above, is shifted by 300 cm-1 in the lowest
panel of Figure 4. While the transition frequencies have changed,
the overall shape of the band contour is relatively unaffected.
The calculated vibrational energies for υOH ) 0 are reported
in Table 2. The energies for υOH ) 1, 2, and 3 are reported in
the Supporting Information both for calculations in which the
OONO torsion angle is constrained to zero and for the ones in
which its value is minimized. The latter calculations are
analogous to the ones described by Matthews and Sinha.18
Comparing the present two-dimensional results to the results
of an analogous two-dimensional study reported in ref 18, we
find that our frequencies are somewhat higher. This likely
reflects differences in the masses associated with the OH stretch
and HOON torsion. As mentioned above, we use the reduced
mass of the OH bond and the appropriate G matrix element for
the HOON torsion while Matthews and Sinha report using
values of 0.965 and 1.1266 for the reduced masses of the OH
stretch and HOON torsion, respectively.18
3.2. Influence of the OONO Torsion. The primary focus
of the present work is to investigate the role of coupling of the
HOON and OONO torsions on the vibrational spectrum. On
the basis of two-dimensional calculations, the fundamental
frequency of the HOON torsion (υ9) decreases from 385 cm-1
when τOONO ) 0 to 329 cm-1 when the OONO torsion angle is
not constrained to be zero. Explicitly including the τOONO
dependence of the potential in the three-dimensional calculations
further reduces the fundamental frequency to 312 cm-1, which
is in very good agreement with the results of VPT2 calculations
of this frequency of 321 cm-1.15 The anharmonic frequency of
the OONO torsion (υ8), obtained from the same calculation, is
only 10 cm-1 above the VPT2 value.
The differences among the energies, calculated by the three
approaches, become larger for higher overtones in υ9. In Table
2, we report the anharmonic frequencies of the two torsions,
for υOH ) 0. The results for υOH ) 1, 2, and 3 are provided in
the Supporting Information. The results are also plotted in Figure
5. The plots of these energies show strongly nonlinear depend-
encies on the number of quanta once there are three or more
quanta of excitation in the HOON torsion. While the calculated
energies depend on how the OONO torsion angle is treated,
the trends are the same for the three calculations. For compari-
son, we plot the predictions of second-order perturbation theory,
based on an extrapolation of the reported calculated anharmonic
frequencies for states with one and two quanta in the two
torsions and υOH/D ) 0, with dashed lines in upper left and lower
right panels of Figure 5.14,15
Not surprisingly, while the results of the VPT2 and three-
dimensional anharmonic calculations are in very good agreement
for states with energies below 500 cm-1, the two calculations
diverge at higher energies. This reflects the fact that the zero-
order description of the vibrations being uncoupled harmonic
oscillators, on which the perturbation theory is based, breaks
down once the system has sufficient energy to sample the
cis-perp shelf region of the potential.
In Figure 6, we plot the eight lowest energy torsion wave
functions with υOH ) 0. As expected, the ground state wave
function has an elliptical shape, with the principal axes rotated
off of the axis system of the plot. The orientation of the wave
function reflects the fact that as the OH bond is rotated off of
the molecular plane, the terminal ON bond rotates in the
opposite direction so as to minimize the distance between the
terminal oxygen and hydrogen atoms. Upon closer examination,
one finds that the ground state wave function follows the
equipotential contours near the potential minimum. As such,
the rotation of the ground state wave function can also be seen
to reflect the fact that the two normal modes with A′′ symmetry
are not pure HOON and OONO torsions but involve linear
combinations of these two torsional motions.
The two next lowest energy states are the fundamentals in
the two torsions. As with the ground state, they are rotated from
the axis system of the plot, but again the structure of these wave
functions and the shapes of the nodal surfaces appear to be fairly
regular.
Once two or more quanta of excitation are put into the
torsional modes, the wave functions become much more
anharmonic. This is reflected in the plots of the wave functions
in Figure 6. This can also be seen in the trends in the
corresponding energies that are plotted in Figure 5 and are
reported in Table 2. The energies show strongly nonlinear
dependencies on the number of quanta once there are three or
more quanta of excitation in the HOON torsion. Examination
of these wave functions shows that the regions of amplitude
follow the contours in the potential surface. While this seems
like an expected observation, there are many systems in which
the shape of the wave functions does not follow the potential
TABLE 2: Calculated Frequencies of Bend States of
HOONO for υOH ) 0d
υ8a υ9 E3-D EMEP EOONO)0 I3-Db
0 0 0.000 0.000 0.000
0 1 312.0312 329.385 385.524 68.4
0 2 501.1034 536.753 620.835 10.2
0 3 580.2524 631.875 677.898 2.5
0 4 642.7687 708.043 735.927 7.2
0 5 738.1951 810.482 847.646 0.9
0 6 834.6447 913.263 934.577 0.6
0 7 932.3405 1017.826 1035.272
0 8 1015.9029 1099.983 1101.573 0.6
0 9 1122.2554 1219.675 1229.991
1 0 483.9142 17.1
1 1 759.577 16.4
1 2 901.2206
1 3 946.6694c
1 4 1030.3881
2 0 974.296c 1.8
a υ8 and υ9 give the number of quanta in the OONO and HOON
torsions, respectively. b Intensity for transitions from the ground
state, based on 3-D calculations. c These two states are strongly
mixed. d All frequencies are in cm-1, intensities are given in km
mol-1.
1328 J. Phys. Chem. A, Vol. 114, No. 3, 2010 McCoy et al.
contours and, in particular, does not sample all of the energeti-
cally accessible regions of configuration space.28,34 Specifically,
in systems where there are multiple potential minima or there
is a large frequency difference between the modes of interest,
one finds that the probability amplitude is more localized than
one would anticipate by the potential contours at the energy of
the state of interest. In the case of the two torsional modes in
HOONO, the observed ergotic behavior reflects the similarity
between the frequencies of these two modes. Had we shown
the two-dimensional projection of the probability amplitude for
the ground state, plotted as a function of the OH stretch and
one of the torsion coordinates, we would have found that even
though the total energy exceeds the barriers for HOON rotation
the probability amplitude is localized near the potential mini-
Figure 5. Plots of the energies of the states with 0 to 9 quanta of excitation in the HOON torsion, for υOH ) 0, 1, and 2 and υOD ) 0. These
energies are calculated by three approaches. The blue triangles provide the results when the τOONO ) 0, the red triangles show the results when the
electronic energy is minimized with respect to τOONO, and the black circles give the results of the three-dimensional adiabatic calculations, described
in the text. For comparison, the results of VPT2 calculations14,15 are represented by dashed lines.
Figure 6. Wave functions for the eight lowest energy bend levels with υOH ) 0 labeled as (υ8,υ9). Superimposed on these plots is the adiabatic
potential surface that was used to obtain the wave functions. While not plotted, the general form of the wave functions does not change substantially
with OH vibrational excitation or deuteration.
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mum. This localization reflects the fact that much of the energy
is confined to the OH stretch vibration, which has a zero-point
energy that exceeds the height of the barrier for free HOON
rotation.
Another interesting feature of the wave functions, plotted in
Figure 6 is seen in the states with three or more quanta in the
HOON torsion. For these states, there is significantly more
amplitude near 90° than near the potential minimum. This
buildup in probability amplitude in the cis-perp shelf region
of the potential is also seen in the two-dimensional studies,
described above.18,19
Finally, in the lower left panel in Figure 5 and in Table 3,
we provide the corresponding frequencies for the deuterated
species. Deuteration lowers the DOON frequency and the
agreement between the three-dimensional and VPT2 energies
remains very good up to υOD ) 3. Likewise, the overall shape
of the energy progression is very similar to that for HOONO.
3.3. Spectroscopic Implications. 1. Pure Torsion Spectrum
(υOH ) 0). Recently Zhang et al.14,15 reported the spectra of
HOONO and DOONO using matrix IR absorption. These
spectra are reproduced in Figure 7. In Tables 2 and 3 we report
our calculated intensities for the transitions that have at least
1% the intensity of the fundamental transition in the HOON or
DOONO torsion. In looking at the trends in the calculated
intensities, one finds that they do not follow the expected pattern.
In particular, intensities generally decrease rapidly with increas-
ing quanta in the mode that is being excited. Further, when the
vibration that is being excited is not totally symmetric, there
will be an even/odd alternation in the intensity, and transitions
that involve a change in quanta that is divisible by two are
expected to carry much less intensity. This argument is based
on the assumption that the changes in the dipole moment follow
the direction of the displacement of the internal coordinates.
Consequently, displacements of the torsional coordinates should
lead to large changes in the dipole moment perpendicular to
the plane of the molecule, which, by symmetry, would result
in transitions with changes in υ8 + υ9 that are odd. Much smaller
changes in the dipole moment are anticipated to occur in the
plane of the molecule.
Deviations from anticipated trends indicate that something
that was not included in this simple picture is at play. There
are two factors that contribute to the unusual intensity patterns.
First, for states with significant amplitude in the cis-perp shelf
region of the potential, there is still amplitude near the cis-cis
minimum in the potential. Focusing on that part of the wave
function in the states with three to five quanta in the HOON
torsion, one finds that the overall shape is very similar to the
states with one or two quanta of excitation in the HOON torsion.
This results in matrix elements of the dipole moment operator
that are larger than one might anticipate by consideration of
changes in υ9 alone. Second, the fact that there is intensity for
parallel transitions reflects large electrical anharmonicities
brought about by the loss of the hydrogen bond upon excitation
of the torsional modes. Such features have been seen in other
hydrogen-bonded species35,36 and appear to be a relatively
general phenomenon.
Next, we compare the experimental spectra (top panels) and
calculated stick spectra (lower panels), shown in Figure 7. We
find that there are several notable differences. First, our
calculations cannot reproduce transitions that do not involve
excitation in modes 1 (the OH stretch), 8, and/or 9. As such
the frequencies and intensities of the fundamentals in modes 4,
5, or 6 (identified as ν4, ν5, and ν6 in Figure 7) are not
determined by the present calculations. To aid in comparisons
of the remaining bands, we find that the ν8 + ν9 combination
band is calculated to have an intensity that is comparable to
the calculated intensity of the ν4 fundamental in both HOONO
and DOONO, reported in ref 15.
A more detailed comparison of the assignments of the
experimental and stick spectra in Figure 7 shows several possible
reassignments of transitions involving excitation of the HOON
torsion. As was noted in the discussion of Figure 5 we calculate
a lower frequency for the 2ν9 band than was obtained by VPT2.
Specifically, the VPT2 calculations give frequencies of 598 and
462 cm-1 for the first overtone in the HOON torsion in HOONO
and DOONO, respectively. In contrast, the values calculated
from the three-dimensional potential are 501 and 438 cm-1,
respectively. It is likely that the differences in the calculated
frequencies reflect difficulties with VPT2 in handling highly
anharmonic modes for reasons described above. The difference
between the anharmonic frequencies for the overtones in the
HOON torsion, calculated using VPT2 and variational calcula-
tions based on a three-dimensional potential surface, leads us
to suggest a possible reassignment of the band in the spectrum
at 601 cm-1. On the basis of VPT2 calculations, this band was
assigned as 2ν9. On the baisis of the results of the three-
dimensional anharmonic calculations, reported in Table 2, it is
at a frequency that is closer to our calculated value for 3ν9.
Similarly, on the basis of our calculated frequencies and
intensities, the band at 950 cm-1 in the DOONO spectrum is
more likely to reflect a transition to a mixed state involving
2ν8 and ν8 + 3ν9 than to the ν8 + 2ν9, as indicated in the upper
left panel of Figure 7. The reasons for this alternative assignment
are the proximity in frequency between the observed and
calculated transition and the fact that the calculations show a
much lower intensity for the ν8 + 2ν9 combination band than
for the 2ν8 overtone transition, reported in Table 3.
2. OH Stretch/Torsion Spectrum. Another interesting and
important issue is how the couplings between the two torsions
and the OH stretch are reflected in the spectrum. There are two
aspects to this question. First, how does the introduction of the
OONO torsion affect the relative intensities of transitions
originating from the states that are localized in the cis-cis
minimum on the HOONO potential surface? In addition,
previous studies13,17-19 identified as a series of ∆υ9 ) 0
TABLE 3: Calculated Frequencies of Bend States of
DOONO for υOD ) 0d
υ8(a υ9 E3-D EMEP EOONO)0 I3-Db
0 0 0.000 0.000 0.000
0 1 252.7973 310.062 265.027 42.6
0 2 439.4353 552.656 465.807 6.6
0 3 542.088 659.273 582.136 0.4
0 4 585.994 680.47 638.881 1.0
0 5 637.3662 744.385 697.979
0 6 705.8774 819.547 774.623
0 7 772.795 883.967 852.478
0 8 843.6281 958.894 930.072 0.5
0 9 914.9376 1033.54 1009.445
1 0 469.9775 3.7
1 1 699.6016 17.2
1 2 862.8501
1 3 933.475 c
1 4 963.8776
2 0 928.716c 3.8
a υ8 and υ9 give the number of quanta in the OONO and HOON
torsions, respectively. b Intensity for transitions from the ground
state, based on 3-D calculations. c These two states are strongly
mixed. d All frequencies are in cm-1, intensities are given in km
mol -1.
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transitions originating from thermally populated states with υ9
> 0 (e.g., sequence bands in the HOON torsion) in the region
of the fundamental and first overtone in the OH stretch. Given
the coupling between the two torsional modes, will similar
behavior be displayed by the OONO torsion?
Starting with the first of these questions, we plot, in Figure
8, the calculated spectra in the fundamental region as well as
the first and second overtone. The blue curve provides the results
of a two-dimensional treatment of the potential, while the three-
dimensional results are given in black. Following our previous
study,19 the stick spectra were convoluted with Gaussian
functions with a full width half-maximum of 60 cm-1. There is
a shift between the two spectra, which is anticipated by the
differences in the energies obtained by these two- and three-
dimensional treatments. Besides this, the overall band contours
obtained from the two treatments are very similar. The most
notable difference between the two overtone spectra is the
increase in intensity and loss of structure in the features that
are at 7000 and 10 000 cm-1. The intensity in these regions
has been assigned to transitions between states that are localized
in the cis-perp shelf region of the potential.
The increased intensity in the results of the three-dimensional
calculations compared to that in the spectra calculated without
the OONO torsion reflects two factors. First, the inclusion of
the OONO torsion leads to a larger number of states that must
be considered. Second, there is an increase in amplitude in the
cis-perp shelf region of the potential in the three-dimensional
treatment, compared to the two-dimensional one. Similar
behavior is seen in the fundamental region, if one focuses on
the shoulder on the blue side of the large peak.
While the inclusion of the OONO torsion increases the
calculated intensity in the region that has been assigned to
transitions involving cis-perp shelf states, it does not introduce
new features nearer to the OH stretch fundamental.19 This
indicates that unlike the HOON torsion, the OONO torsion is
not responsible for significant sequence band structure. There
are two reasons for this. First, while the HOON fundamental
frequency increases by 108 cm-1 between υOH ) 0 and υOH )
Figure 7. Comparison of the matrix14 (upper panels) and calculated (lower panels) spectra for HOONO (left) and DOONO (right) in the 550-1000
cm-1 region. The previously assigned transitions are marked on the matrix spectra. The matrix spectrum on the right is a mixture of HOONO and
DOONO, and both sets of transitions are marked (b ) HOONO, [ ) DOONO). Both matrix plots have been scaled so that the height of the
calculated ν8 + ν9 peak is equal to the experimental ν4 intensity. Transitions marked with an asterisk have been scaled up by a factor of 10 to
improve visibility.
Figure 8. The calculated spectrum of HOONO evaluated using the
three-dimensional calculation (solid black line) described in the text
and a two-dimensional treatment (blue dashed line) in which the value
of the OONO torsion angle is chosen so as to minimize the electronic
energy. [Intensities are reported in units of km mol-1.]
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2, the increase in the frequency of the OONO torsion is only
19.5 cm-1. If one considers the second overtone, the increases
for HOON and OONO are 231 and 32 cm-1, respectively. This
>100 cm-1 blue-shift of the HOON fundamental with each
additional quantum of OH stretch excitation leads to observable
blue-shifts in the sequence bands for this mode. At the resolution
of the reported calculated spectrum, any sequence band structure
from the OONO torsion would be encompassed in the large
peak that arises from the OH stretch transition. Finally, the
higher frequency of the OONO torsion, compared to the HOON
torsion, means that the first excited state in the OONO torsion
will have less population, and therefore sequence bands based
on excitation of this mode will make a smaller contribution to
the spectrum.
4. Conclusions
As indicated in the introduction, the primary question we
wished to address in this study was the importance of the OONO
torsion in describing the spectroscopy of HOONO in the OH
stretch fundamental and first overtone region. On the basis of
the analysis of a three-dimensional potential and dipole surface,
we find that while one can obtain a semiquantitative description
of the spectroscopy by considering only the dependence on the
OH stretch and the HOON torsion, the second torsion mode is
required if one wishes to get more accurate descriptions of the
structure in the spectrum. This is clearly illustrated in the results
reported in Table 2 in which the frequency of the state with
three quanta in the HOON torsion decreases by nearly 10%
when the OONO torsion is considered in the calculation. This
shift brings the calculated frequency into good agreement with
the peak in the matrix spectrum at 600 cm-1. Despite this, the
OONO mode is much less anharmonic and its anharmonic
frequency is less strongly dependent on the level of OH stretch
excitation than the HOON torsion. Finally, due to the large
coupling of the HOON and OONO torsions and the highly
anharmonic nature of the potential, this molecule provides a
challenge for approximate treatments based on perturbation
theory.
This last comment raises the issue of how one could predict
the type of theoretical treatments that are needed for studies of
molecules that contain two or more large amplitude motions
that are coupled to the chromophore that is being probed
spectroscopically. A general discussion of these issues is beyond
the scope of the present paper. In the following, we provide a
brief review of the strategies used and the insights gained in
the present study of HOONO. Perturbation theory calculations
can now be performed routinely within a variety of electronic
structure packages. While this approach is very effective for
describing states that are localized in regions of the potential
near the potential minimum, when the states of interest have
sufficient energy to sample multiple stationary points on the
potential, or where the potential is not well-described by a
quartic expansion in internal coordinates, this approach will
break down.37,38 The cis-perp shelf in the HOONO potential
represents an example of such a stationary point. As Figure 5
demonstrates, for energies below the cis-perp shelf region, the
agreement between the results of the three-dimensional calcula-
tions and VPT214,15 is very good. At higher energies, the
agreement deteriorates. Going to higher order will improve the
accuracy of perturbation theory. On the basis of our earlier
studies of highly excited bending states in water37 and in
acetylene,38 we anticipate that even at very high orders,
perturbation theory is unlikely to describe states with amplitude
in the cis-perp shelf region of the potential.
In cases where we expect that perturbation theory will fail
we move to reduced dimensional treatments. The expense of
these treatments increases rapidly with the number of degrees
of freedom that are included. This reflects both the increase in
the number of electronic energies that must be evaluated and
the increased expense of the variational calculations of the
vibrational energies and wave functions. As we consider which
degrees of freedom to include, there are several criteria that
should be considered. First, we must include the chromophore
that carries the oscillator strength in the experiment, in this case
the OH stretch in HOONO. Second, we consider what modes
will be most strongly coupled to the zero-order bright state.
Typically these will be coordinates that are directly connected
to the one of interest. For example, in the case of the OH stretch
in HOONO, these would be the HOO bend and the HOON
torsion. These are the two modes that were included in an earlier
study of Schofield et al.20 One can verify which coordinates
need to be included in the reduced dimensional model by
investigating the magnitude of cubic and quartic force constants,
obtained in VPT2 calculations, as well as the off-diagonal
anharmonicities.18 In the case of HOONO, the two largest off-
diagonal anharmonicites involve the HOON torsion and the two
other modes considered in the present study. In addition, one
can investigate, which modes change the most along minimum
energy path scans in, in particular, the large amplitude motions.
When we consider the MEP scan in the HOON torsion, we find
large changes in the OONO torsion, as seen in the results plotted
in Figure 2. This result can also be anticipated by the fact that
the two normal modes with A′′ symmetry contain contributions
from both of the torsions. Finally, it is important to consider
what modes are involved in the assigned transitions, particularly
ones that involve excitation of multiple vibrational modes, in
the experimental spectrum.
Having determined the most important coordinates to consider
in our study, we evaluated a three-dimensional potential as a
function of the OH stretch and the two torsions. Due to the
large frequency difference between the OH stretch and the two
lower-frequency torsions, we evaluated energies and wave
functions adiabatically. In analyzing the energies and wave
functions obtained from these calculations, we found significant
mixing between the two torsions, particularly in the low-energy
states. At higher energies, the overtones in τHOON pick up
significant amplitude in the cis-perp shelf region of the
potential. This result was anticipated by the two-dimensional
calculations,19 although the localization is enhanced in the three-
dimensional treatments.
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